Abstract. Safety standards of construction companies could be improved by continuous monitoring and assessing their safety performance. Despite various methods of Safety Performance Evaluation (SPE) have been proposed, bias or errors can be made by neglecting the inter-relationships among internal variables in SPE. To address it, this paper proposes a synergy and symbiosis based nonlinear methodology to evaluate safety performance of construction companies. A real time SPE system was developed to dynamically monitor and assess the safety performance of construction companies and applied to Wuhan Metro construction sites as a case study. Through this analytical framework, dynamic SPE scores provide good reference to the owner timely, which makes targeted safety control as a parallel activity to the construction rather than an afterthought. Meanwhile it empowers in real time the owners within their decision-making towards a sustainable enterprise orientation. Importantly, construction companies must put more emphasis on safety for improvement in their prestige and future development.
Introduction
Despite continuous efforts have been made to promote construction safety, fatalities still plague the industry [1] . Construction companies undertake all construction activities mainly so that they have the most direct effects on safety performance on-sites. Therefore, it's quite important to measure and evaluate their safety performance to improve safety management and prevent accidents [2] .
Safety performance is usually defined as the "overall performance of the organization safety management system in safe operation" [3] . Various safety performance evaluation (SPE) approaches are proposed [4] . For instance, the goal-setting and feedback method [5] , Experience Modification Rating (EMR), Incident Rate (IR), Accident Rate (AR) [6] , and Score Card (SC) models have been proposed. However, these approaches based on measurement and statistical analysis of incident-related data are often referred to as retrospective or lagging indicators [7] . There are also SPE frameworks which consider factors pertinent to an organization and its projects. For example, [8] built a revised realistic evaluation model with variables as role behavior, leader and worker motivation, underreporting of accidents/injuries, etc. to evaluate occupational safety interventions, etc. [2] applied Structural Equation Modeling (SEM) approach for Prospective (SPE) on three typical types of construction enterprises and compared the differences existing in the safety performance practice regarding different construction enterprise categories. However, these methods are often used separately or complementary and not in an integrated way [7] . In addition, the existing studies centered on safety management stream are largely at the conceptual level and quantitatively oriented based on survey data [4, [9] [10] [11] [12] without considering the real time construction safety practices. Further, bias or errors may occur due to the ignored or unproperly addressed inter-relationships among internal variables in most SPE models [2] . Finally, the evaluation results are dealt with using simple arithmetic aggregation or weighting aggregation, which is easy to understand but relationships among every factor are not simple linear complementation.
To put emphasis also on the multidimensionality and the dynamic nature of safety performance evaluation, this paper proposed a novel approach based on theory of Synergistic and Symbiosis (SS) to dynamically evaluate SPE from a holistic perspective. This research applied theory of SS in SPE, which can explain the inhibiting relations among different factors and nonlinear relations of interaction among different sub-factors within one factor. The combined relations can be described by Peng' theory as synergetic effect exists within one factor which present complementary relations and symbiotic effect among all factors which present inhibiting relations. The fundamental aim of this study is to apply SS theory based approach to evaluate safety performance of construction companies dynamically. This aim breaks down into the following specific objectives: (1) to build mathematical model of SS theory; (2) to identify principal influencing factors as part of SPE indicators by methods of literature review and formulate a holistic SPE model; (3) to establish measurement scales of SPE indicators used in the proposed model and estimate and rank all of these indicators; (4) to develop a SPE system to monitor and assess the safety performance of construction companies based SS effects; (5) to analyze the validity and availability of the SPE system using a case study.
Methodology

Theory of synergy
The score of one factor based on the effect of synergy can be expressed as:
Where, X i represents the score of factor i ( { } Standardize scores of all construction companies and obtain the practical performance weights, represented by
2) Calculation of the degree of deviation and maximum degree of deviation 
A safety management system for dynamic data collection
Influencing factors of SPE
A number of causes influencing safety performance in the construction industry have been identified related to construction companies. Based on existing relevant literatures, a holistic SPE model proposed by [12] was adopted in this research. Policy Factor, Process Factor, Personnel Factor and Incentive Factor (3P + I) of safety practices are considered as construction SPE variables.
Overall evaluation process of safety management system
The safety management system can be defined as the set of persons, resources, policies and procedures that interact in an organized way to reduce damage and losses generated in the process and in the workplace. A well-designed safety management system (SMS) can contribute to the successful implementation of a safety management system in the workplace [17] . Fig.1 demonstrates the monitoring and dealing with construction real time information. As shown in Fig.1 , a safety management system based on the SPE model is developed to generate real-time indicators of safety performance with the data transmitted from multiple construction parties. The data is stored in a centralized database in real time for detailed analysis based on theory of synergy and symbiosis by the owner -Wuhan Metro Group Co., Ltd, in China. Therefore, construction parties (e.g. construction company, supervising company, the third safety supervisor, etc.) participating in construction activities of Wuhan Metro lines must implement the SPE system. The SPE system is used as an instrument to measure the degree of implementation of such a process, which integrated ten subsystems such as Decision Support System, Integrated Safety Early Warning System, Video Surveillance System, Potential Safety Hazard Checking System, Emergency Rescue System, Video Conferences System, Big-Data Based Database System, Work attendance System, Quality Management System, and Shield Safe Operating System. 
Sub-systems for measuring specified indicators
Taking the safety warning integrated system as an example (shown in the Fig.2) , data like strains, stresses, settlement, methane and some other harmful gases are collected by sensors on sites and analyzed by experienced engineers of construction companies (usually construction manager, safety manager and trade site manager) with the output of risk type, number, rank, damage loss related to risk events and corresponding risk control measures. Safety planning in the construction site begins with the identification of safety risks. Therefore, the more comprehensive of identified risk type, number, rank, and damage degree of risk, the higher score they get. The risk evaluation result is the safe state of every construction site, which is shown in assorted colours (red means extremely dangerous, orange dangerous, yellow lightly dangerous, and green safe) in the system (shown in Fig.3 ). The safer state the construction is, higher score it gets. Since the monitoring data on construction sites are changing all the time. Therefore, construction companies must update daily safety reports and weekly safety reports timely, and the more comprehensive of safety reports, the higher scores they get. 
Case study
To validate the SPE framework developed in this research, a pilot test in Wuhan Metro construction sites was conducted.
Case background
To alleviate increasing urban traffic volumes, tunnel construction presents a viable solution for rapid development of China's metropolitan areas in the past 10 years. The total length of urban rail lines in Wuhan is expected to reach 400 km by 2020 with 14 metro lines being under construction this year. Different construction methods need to meet different safety standards and expectations [12] . There were 20 construction companies engaged in the Metro construction in 2016, such as: China Construction First Building (Group) Co., Ltd, CRSG, Railway tunnel(Group) Co., Ltd, etc. For simplicity, these companies are named as A, B, C, D, E, F, G, H, I, J, K, L, M, N, O, P, Q, R, S and T respectively.
Evaluation process
Synergy and symbiosis provide a possible way to deal with the complicated inter-relations to evaluate safety performance, which consists of the following three steps: 1) Determine measurable indicators for attributes of SPE model: Descriptions of the above 17 items affecting the construction company's SPE can be measured by corresponding quantified indicators, which is presented in Table 1 .
2) Estimate the ideal weights of all the factors and sub-factors: The data then were analyzed according to Mean Ranking and Mean Score as adopted by [19] .
3) Implementation of safety management system for real time data collection.
Analysis of results
Partial score of one factor based on the synergy relationships can be calculated as shown in Table. 1. The system shows final safety performance scores of the top five construction companies and last five ones, which is presented in Fig. 1 . According to the results by synergy and symbiosis evaluation method, company D has the highest safety performance, followed by company S, company G, company L, and company P. The last five construction companies are respectively company M, company J, company Q, company T and company R. While Company M, Q, T and R all have a disadvantage on policy factors and Company J has a disadvantage on process factors. The attributes of these factors are most related to proactive and preventive measures for safety management, which may infer that investment in pro-action and prevention is important. Based on the dynamic results of companies' safety performance, the owner can make decisions with targeted safety control towards
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different companies and take right policies towards a sustainable enterprise orientation timely. For construction companies, the low scores of safety performance harm their public images, causing a severe deterioration in the organization's intangibles critical factors in the companies' survival.
Discussion and Conclusion
If linear evaluation method is adopted, then the overall score T is calculated by:
Comparison of results by the two methods are given in Table 2. As Table 2 shows, the results by linear evaluation method are larger than those by synergy and symbiosis method. The traditional linear evaluation method overestimates the real safety performance of construction companies, which takes the void safety performance factors into evaluation neglecting of synergy and symbiosis effects existing among safety performance factors. The overestimated safety performance is related to similarity degree between real structure and ideal structure of safety performance. The max θ ( =20.18% θ ) in company H is the biggest. Though Company H achieved high scores in both process factors and incentive factors, the result is not very good. Because it got low scores in policy factors and personnel factors, which will have a symbiosis effect among factors that the strongest factors-incentive factors can't make a full effect on safety performance. The same situation is true in company O and R. But what different from G and H is that the formers have only one obvious max θ , which causes less symbiosis effect. The results of company G and H should be concerned.
The scores by linear evaluation method are 84 and 83, which are very close to each other. Since the structure of SPE factors in company G is very approximate to the ideal one ( =2.9% θ ), the score by Synergy and symbiosis method is 84 while that of company H is 68. In fact, linear evaluation method takes the ineffective part of factors into consideration, which overestimated the real safety performance of construction companies. This paper proposes a synergy and symbiosis based nonlinear and develops a SPE system to help evaluate the safety performance of construction companies dynamically. Nonlinear complementary relations are considered among the sub-factors of one factor and inhibition effects among factors. Results show the safety performance of construction companies is mainly determined by its weakest factor and influencing factor of SPE can reflect its actual level only when the levels of all factors are comparatively balanced. Therefore, construction companies have to improve every factor of SPE to achieve high scores of safety performance. To some extent, though factors of safety performance weigh differently in SPE framework, they are equally important in safety management. Any factor related to safety performance must be improved to make better safety management. The results show method based on SS theory gives a new perspective to SPE with more accuracy. 
